ABSTRACT: Polymorphisms in mitochondrial DNA (mtDNA) protein-and tRNA-coding genes were shown to be associated with various diseases in humans as well as with production and reproduction traits in livestock. Alignment of full length mitochondria sequences from the 5 known ovine haplogroups: HA (n = 3), HB (n = 5), HC (n = 3), HD (n = 2), and HE (n = 2; GenBank accession nos. HE577847-50 and 11 published complete ovine mitochondria sequences) revealed sequence variation in 10 out of the 13 protein coding mtDNA sequences. Twenty-six of the 245 variable sites found in the protein coding sequences represent non-synonymous mutations. Sequence variation was observed also in 8 out of the 22 tRNA mtDNA sequences. On the basis of the mtDNA control region and cytochrome b partial sequences along with information on maternal lineages within an Afec-Assaf fl ock, 1,126 Afec-Assaf ewes were assigned to mitochondrial haplogroups HA, HB, and HC, with frequencies of 0.43, 0.43, and 0.14, respectively. Analysis of birth weight and growth rate records of lamb (n = 1286) and productivity from 4,993 lambing records revealed no association between mitochondrial haplogroup affi liation and female longevity, lambs perinatal survival rate, birth weight, and daily growth rate of lambs up to 150 d that averaged 1,664 d, 88.3%, 4.5 kg, and 320 g/d, respectively. However, signifi cant (P < 0.0001) differences among the haplogroups were found for prolifi cacy of ewes, with prolifi cacies (mean ± SE) of 2.14 ± 0.04, 2.25 ± 0.04, and 2.30 ± 0.06 lamb born/ewe lambing for the HA, HB, and the HC haplogroups, respectively. Our results highlight the ovine mitogenome genetic variation in protein-and tRNA coding genes and suggest that sequence variation in ovine mtDNA is associated with variation in ewe prolifi cacy.
INTRODUCTION
Similar to other mammalian mitochondrial DNA (mtDNA), ovine mtDNA is a small, circular molecule of about 16.7 kb in length that contain 13 polypeptide encoding genes, 2 ribosomal RNA (rRNA) genes, 22 transfer RNA (tRNA) genes, and a control region that is involved in the control of mitochondrial replication and transcription (Hiendleder et al., 1998) .
In humans, sequence variations have been identifi ed in all mtDNA regions (MITOMAP, 2011) , with some of the variation found to be associated with diverse diseases or with variation in body fat mass (Yang et al., 2010) and longevity (Christensen et al., 2006) . In bovine, mitochondrial sequence variation was associated with variation in milk production (Schutz et al., 1994) , reproductive traits (Sutarno, 2002) , growth traits (Zhang et al., 2008) , and carcass traits and meat quality traits (Mannen et al., 2003; Kim, et al., 2009) .
Polymorphism in ovine mtDNA has been investigated mainly in the control region and the cytochrome b region. Five distinct mitochondrial haplogroups: HA, HB, HC, HD, and HE were identifi ed (Meadows et al., 2007) , with the HA and the HB haplogroups being the more frequent. The HC haplogroup appears at a relative low frequency, and only a few animals were found to belong to the HD and the HE haplogroups (Meadows et al., 2007) . A study of the complete mitogenome of 2 sheep from each of the 5 haplogroups confi rm the 5 haplogroup classifi cation and provided data on the sequence variation in ovine mitochondrial protein-and tRNA coding genes (Meadows et al., 2011) . However, the physiological and the biochemical consequences of the variation in the ovine mtDNA and the possible association between haplogroup affi liation and health and productive and reproductive traits have not been investigated.
The aims of the present study, conducted with intensively managed Afec-Assaf sheep, were to investigate variation in mtDNA among mitochondrial haplogroups and to study the association between haplogroup affi liation and traits of economic importance.
MATERIALS AND METHODS
Experimental protocols were approved by the Volcani Center's Animal Care Committee.
Animals
The animals for this study were derived from the prolifi c Afec-Assaf fl ock of the Volcani Center at Bet Dagan, Israel, in which the B allele of the FecB (Booroola) locus is segregating (Gootwine et al., 2008) . This fl ock has been kept indoors year-round, and ewes were fed with concentrates, silage, and hay to meet their nutritional requirements. Replacement ewe-lambs and most of the replacement ram-lambs have been recruited only from progeny raised in the fl ock. Ewes exited the fl ock because of death or culling that was based on unsatisfactory reproductive performance or because of health problems.
Animal production and reproduction performance were recorded and validated by the Ewe and Me software (Gootwine and Zenou, 1997) . Full pedigree information was available for all animals as reproductive management of the fl ock included three to four 45-d breeding periods annually, where ewes were each hand-mated to a single ram after hormonally synchronized estrus. To avoid any mis-mothering occurrence at lambing time, ewes were inspected day-round and assisted in lambing when necessary. Lambs were ear-tagged immediately after lambing and litter size (number of lambs born) and number of lambs born alive were recorded. Lambs with uncertainty regarding the identity of their mothers were marked and excluded from being used as replacements. After lambing, ewes reared no more than 2 lambs because of the diffi culties in nursing more than that, and the remaining lambs from large litters were reared in an artifi cial rearing unit, alongside lambs removed from their mothers. Weaning of lambs was at about 35 d of age. After weaning, lambs were fed concentrates ad libitum and hay at 0.1 kg/d, and had free access to water. Birth weight of lambs was recorded within a few hours after lambing. Later, lambs were weighed at about 5 mo of age. All the ewe-lambs (and hence all the mature ewes in the fl ock) and part of the ram-lambs were genotyped for the FecB locus as described by Wilson et al. (2001) .
Assignment of Ewes and Lambs to Mitochondrial Haplogroups
All ewes (n = 398) that were present on January 1, 2010 and all their female ancestors and relatives, were grouped into 35 maternal lineages that did not share co-ancestors, as determined by the fl ock book records available since 1993. Seven of the maternal lineages that comprised less than 6 animals were excluded for further analysis. Whole-blood samples (2 mL) were obtained from 54 ewes, 2 from each of the 27 other maternal lineages. The blood samples were collected from each of the examined animal into 4 mL BD blood vacutainer (Belliver Industrial Estate, Plymouth, UK) containing 7.2 mg of spray-dried K 2 EDTA. The DNA was extracted from the blood samples using the DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA), according to the manufacturer's instructions. The DNA fragments of the 54 ewes encompassing part of the control region (nucleotide no. 16,093 to 16,610; 524 bp) and part of the cytochrome b region (nucleotide no. 14,214 to 14,945; 732 bp) were sequenced (see below) and assembled into a data set along with the control region and the cytochrome b sequences of 197 sheep with known haplogroup affi liation (Meadows et al., 2007) . Nucleotide number as was obtained from Hiendleder et al. (1998) . The haplogroup affi liation of the 54 Afec-Assaf ewes was determined using GAP4 contig comparator (Staden et al., 2000) . Haplogroup affi liation of the 54 ewes, as was obtained from the phylogenetic analysis, was used to relate their female relatives in the different maternal lineages to the corresponding different haplogroups. Haplogroup affi liation of the lambs was defi ned according to the haplogroup of their mothers.
Sequencing Complete mtDNA
Mitochondrial DNA of 4 Afec-Assaf sheep were fully sequenced. DNA samples were obtained from 1, 2, and 1 sheep belonging to the HA, HB, and HC haplogroups, respectively. In addition, all 22 mitochondrial tRNA genes were sequenced from an additional 4, 3, and 4 ewes from the HA, HB, and HC haplogroups, respectively. Animals that were selected for mtDNA se-quencing from the same haplogroup came from different maternal lineages. Sequencing DNA fragments was performed utilizing 33 primer sets that were designed with Primer3 software (http://frodo.wi.mit.edu/primer3/ input.htm), and were based on the ovine mitochondria sequence available at GenBank (Hiendleder et al., 1998) . Primer sequences, fragment length, and the positions along the ovine mitochondria sequence are presented in supplementary Table 1 .
Polymerase Chain Reaction was carried out in a Thermal Cycler 2720 (Applied Biosystems, Foster City, CA) in a fi nal volume of 40 μL containing DNA template (0.5 to 1.0 μg/reaction), 8 pmol of each primer, 2 U of Taq DNA polymerase (Fermentas, Burlington, ON, Canada), 1× Taq Buffer with (NH 4 ) 2 SO 4 (Fermentas), fi nal concentration of 0.2 mM of each dNTP, 2 mM MgCl 2 , and 200 ng BSA. The PCR conditions were initial denaturation step at 94°C for 3 min, 35 cycles of denaturation at 92°C for 30 s, annealing at 63°C for 30 s and extension at 68°C for 30 to 75 s (Supplementary Table 1) , and a fi nal extension step at 72°C for 10 min. After amplifi cation, PCR products were size-separated by electrophoresis on 0.8% to 1.2% agarose gels, using 1× TBE buffer (89 mM Tris, 89 mM boric acid, and 2 mM Na 2 EDTA) containing 200 ng/mL ethidium bromide. The PCR products were extracted from the gel using QIAquick gel extraction kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions and were sequenced from both directions using the ABI BigDye Terminator Sequencing Kit (Applied Biosystems) in an ABI 3730 at the Center for Genomic Technologies facility, the Hebrew University of Jerusalem, Israel. Sequences were assembled and compared using the GAP4 program (Staden et al., 2000) .
Statistical Analysis
The following traits were recorded: birth weight and daily growth rate (DGR) of 594 male and 692 female lambs up to 150 d of age born during 10 lambing periods, from 2007 to 2010, ewe longevity (time from birth to exit of the fl ock) for 924 ewes that either had died or were culled, ewe prolifi cacy (lambs born/ewe lambing), lambs born alive/ewe lambing, and lamb survival rate at birth (live births/litter size) of 1,126 ewes, belonging to the main 27 maternal lineages, with a total of 4,993 lambing records.
Four analytical models were applied. The birth weight and DGR traits were analyzed by Model I. For these traits there was only 1 record per animal, but both males and females were analyzed. This model included the effects of mitochondrial haplogroup, FecB genotype (BB, B+, ++), sire, parity of dam (1 to 5 and ≥6), birth month, litter size, and sex. Longevity of ewes was analyzed by Model II, which included the effects of mitochondrial haplogroup, FecB genotype, and sire. Prolifi cacy, lambs born alive and lamb survival rate, for which there were multiple records per ewe, were analyzed by Model III. This model included the effects of mitochondrial haplogroup, FecB genotype, mitochondrial haplogroup × FecB genotype interaction, ewe nested within mitochondrial haplogroup and FecB genotype, parity of dam (1 to 9 and ≥10), and lambing month. Models I, II, and III were analyzed by the General Linear Model (GLM) procedure (SAS Inst. Inc., Cary, NC), and all effects were assumed to be fi xed. Because these models do not account for relationships among animals, prolifi cacy, the only trait found to have a signifi cant effect for mitochondrial haplogroup was also analyzed by the individual animal model, denoted Model IV. This model, in addition to mitochondrial haplogroup, FecB genotype, and parity, included a fi xed mitochondrial haplogroup by FecB genotype interaction, a random polygenic effect and a random permanent environment effect. To estimate the polygenic effect, all 115 male and 73 female common ancestors of ewes with records were included in the analysis. Two genetic groups, 1 for males and 1 for females, were defi ned for animals with unknown parents. The variance components were estimated by the MTC REML program of I. Misztal (University of Georgia). The 4 analysis models are summarized in Table 1 .
RESULTS

Mitochondrial Haplogroups Distribution in the Afec-Assaf
Cluster analysis of partial sequences of the control and cytochrome b regions show that the Afec-Assaf ewes under investigation belonged to the 3 common haplogroups, namely: HA, HB, and HC, but not to the rare haplogroups HD and HE. In all cases, the 2 ewes from each of the 27 main maternal lineages in the fl ock were assigned to the same haplogroup. Out of the 1,126 ewes included in the study, 0.43, 0.43, and 0.14 were assigned to haplogroups HA, HB, and HC, respectively.
Sequence Analysis of Protein Coding Genes and tRNA Coding Gens
A data set that included 3, 5, 3, 2, and 2 full length mitochondria sequences from the all 5 known ovine haplogroups HA, HB, HC, HD, and HE, respectively, was compiled from 4 complete mitochondrial sequences obtained in this study (GenBank Accession nos.: HE577847, HE577848, HE577849, and HE577850) and 11 published complete ovine mitochondria sequences (Hiendleder et al., 1998; Meadows et al., 2011) . Sequence alignment showed variations in 10 out of the 13 protein coding sequences (Supplementary Table 2 ). Altogether, 245 variable sequence sites were noted, 26 of them resulted in non-synonymous mutations ( Table  2) . Some of the non-synonymous mutations were distributed within haplogroups; for example, the c.2,763C > A mutation that leads to p.L7M substitution at the ND1 gene in haplogroup HC, while other sequence variations were distributed among haplogroups, as in the case of the p.M100T substitution at the ND2 gene. Using Grantham score (Grantham, 1974) , which categorize AA substitutions into classes of increasing chemical dissimilarity, 14, 11, and 1 out of the 26 non-synonymous mutations were designated as conservative (score 0 to 50), moderatelyconservative (score 51 to 100), and moderately-radical (score 101 to 150) substitutions, respectively, according to the classifi cation proposed by Li et al. (1984) .
Comparison of the 22 tRNA mitochondria sequences showed that 8 of the tRNA sequences were variable (Table 3) . Six variable sites were observed in tRNA-Lys, 2 variable sites in each of tRNA-Asn, tRNA-Ser, and tRNA-Lue, whereas tRNA-His, tRNA-Val, tRNA-Tyr, and tRNA-Asp had 1 variable site each. Some of the tRNA sequence variations (position 1,028 as an example) were found to be within a haplogroup, whereas in other cases (position 5,137 as an example) they were found to be haplogroup-specifi c. 
Association between Haplogroup Type and Production and Reproduction Traits
Results of the Model I, II, and III analyses are presented in Table 4 . Of all the traits analyzed, mtDNA haplogroup had a signifi cant effect only on prolifi cacy (P < 0.0001). The Model III least square means (LSM) for the mtDNA haplogroup and FecB effects on prolificacy and their SE are given in Table 5 . The LSM for the HA, HB, and HC haplogroups were 2.141, 2.254, 2.297, manifesting an overall difference of 0.156 lambs per litter between the HA and HC haplogroups.
As expected (Gootwine et al., 2008) , the FecB genotype effect was also signifi cant (P < 0.0001), with an average litter size of 1.555, 2.578, and 2.843 lambs born/ ewe lambing for the ++, B+, and BB genotypes, respectively. Parity and month of lambing were also signifi cant, which confi rm previous results obtained in other studies on the Afec-Assaf population at Bet Dagan (Gootwine and Rozov, 2006; Gootwine et al., 2006 Gootwine et al., , 2008 . FecB genotype × mtDNA haplogroup interaction was not signifi cant (P > 0.05).
The estimated heritability of prolifi cacy from the REML analysis was 0.046, and the permanent environmental effect accounted for 0.048 of the total variance. The Model IV effects for mitochondrial haplogroup and FecB genotype are also given in Table 5 . The effects for the HA, HB, and HC haplogroups were 2.201 , 2.277, and 2.338, which are quite similar to the Model III effects, even though this model included the additive genetic effect and accounted for relationships among animals. The difference between the HA and HC haplogroups was 0.137 lambs born/ewe lambing, which is slightly less than the Model III difference of 0.156 lambs born/ewe lambing.
DISCUSSION
By studying novel and published complete ovine mitogenomes, we describe in the present study mtDNA polymorphisms at the protein-and tRNA coding gene level and also the association between haplogroup affi liation in sheep and reproductive performance. Mitochondria have an essential role in many cell functions including ,028 5,137 5,147 5,279 7,000 7,719 7,726 7,755 7,756 7,759 7,773 11,606 11,649 11,668 11,696 11,710 Haplogroup n ---*(P < 0.05); ** (P < 0.01); *** (P < 0.001); n.s. = not signifi cant, -, not included in the model. a-c Within effect and column means without a common superscripts differ (P < 0.05).
respiration and ATP production, lipid metabolism, synthesis of steroid hormones, regulation of apoptosis, and calcium signaling. As was shown in human (MITOMAP, 2011) , mutations in mtDNA may lead to severe pathological conditions. About 1,000 non-synonymous mutations have been detected in genes coding for human mitochondrial proteins, with about 250 of them found to be associated with diverse human diseases. Mutations were also found in all the 22 genes coding for human mitochondrial tRNAs, with over 250 mutations found to be associated with pathological conditions. Alignment of mitochondrial sequences (n = 15) that include all 5 known ovine mitochondrial haplogroups, revealed synonymous as well as non-synonymous sequence variation in 10 out of the 13 mitochondrial protein coding genes. Twelve out of the 26 non-synonymous mutations were non-conservative mutations (Grantham, 1974 ) that may affect mitochondrial protein function and hence ewe health and performance. Several of the non-synonymous sequence variations were observed in some, but not in all haplogroups, suggesting relatively early mutation events in ovine mitochondrial evolution, whereas other non-synonymous mutations segregated within haplogroups, suggesting relatively more recent mutation events.
Further research is needed to resolve the possible role of the observed polymorphism in the mitochondrial protein coding genes on ovine mitochondria physiological function. Although no mitochondrial related pathological conditions are known in sheep, it is worth noting that the p.T146I substitution in the ovine CO1 gene is homologous to the p.T146I substitution in human, which is associated with prostate cancer (mtSNP, 2004) . To date it has not been determined if this mutation, found so far only in the rare HD haplogroup, has a similar effect in sheep.
Sequence variation was found in the present study in 8 out of the 22 mitochondrial tRNA genes namely : tRNAVal, tRNA-Asn, tRNA-Tyr, tRNA-Asp, tRNA-Lys, tRNAHis, tRNA-Ser, and tRNA-Leu. Many mitochondrial tRNA mutations in human are associated with wide range of pathological condition (MITOMAP, 2011) . Mitochondrial tRNA related pathology has not been documented so far in sheep. Yet, on the basis of the 2D cloverleaf tRNA structure (Putz et al., 2007) , a similarity in the position and nucleotide substitution manner is observed between the ovine c.7755A > G tRNA-Lys mutation and the human tRNA-Lys mutations c.8344A > G (Figure 1 ). This human mutation is associated with myoclonic epilepsy and ragged red muscle fi bers pathology, one of the most common heteroplasmic mitochondrial tRNA mutations in human (Shoffner et al., 1990) . Despite extensive study on this mutation, reviewed by Yarham et al. (2010) , it is not yet clear how the mutation affects the disease. In that respect, research into the c.7755A > G tRNA-Lys polymorphism in sheep may shed light on the biological signifi cance of this mutation. In sheep this mutation is homoplasmic in nature, contrary to the variable heteroplasmic situation in human. Thus, sheep may provide an animal model with constant genetic background where mt-tRNA-Lys synthesis, stability as well as transcription and post-transcriptional processing can be investigated in various tissues. So far, most of the information regarding the pathogenic effects of the mutation was obtained through trans-mitochondrial cybrid experiments that in some cases yielded confl icting results, as was discussed by Yarham et al. (2010) .
In the present study, 1,126 Afec-Assaf ewes were found to harbor 3 mitochondrial haplogroups: HA (43%), HB (43%), and HC (14%). A similar haplogroup distribution, with the exception of the presence of the rare HE haplogroup, has been described for the Improved Awassi (Meadows et al., 2007) , which is the maternal breed of the Assaf (Gootwine and Goot, 1996) . In the Spanish Assaf, only the HB haplogroup has been observed (Pedrosa et al., 2007) , refl ecting the way by which this breed was formed, upgrading crossing of Assaf rams obtained from Israel with local Iberian breeds, where the HB haplogroup is the most frequent.
As effects of mitochondria polymorphism on various traits of economic importance has been demonstrated in cattle (Schutz et al., 1994; Sutarno et al., 2002; Mannen et al., 2003; Zhang, et al., 2008; Kim, et al., 2009) , similar reports of associations between mitochondrial polymorphism and economic traits in sheep are absent. In this study, we investigated productive and reproductive traits in Afec-Assaf sheep. No signifi cant associations were discovered between mitochondrial haplogroup affi liation and female longevity, lambs perinatal survival rate, lamb birth weight, and DGR up to 150 d. On the other hand, signifi cant differences among the haplogroups was found for ewe prolifi cacy, with mean prolifi cacies of 2.14, 2.25, and 2.30 lamb born/ewe lambing for the HA, HB, and the HC haplogroups, respectively. The mtDNA sequence variations that may affect prolifi cacy in sheep have yet to be determined, as ovine haplogroups differ in their control region (Meadows et al., 2007) as well as in protein and tRNA coding genes, as was shown in this study. Mitochondrial haplogroup differences may lead to differences in ewe prolifi cacy through differential effects on gamete quality and reproduction success. Indeed, it was shown that mitochondria are involved in determine oocyte apoptosis rate in mice (Perez et al., 2000) and early rate of success of in vitro embryonic development in bovine (Tamassia et al., 2004) .
Several mutations that affect sheep ovulation rate and hence prolifi cacy have been discovered in sheep, all of them to date, are in nuclear genes (Davis, 2004) . Our results show that prolifi cacy in sheep can also be affected by mitochondrial polymorphisms. Moderately greater prolifi cacy is a desirable trait in certain sheep production systems. Prolifi cacy of ewes carrying the HB and HC haplogroup is signifi cantly greater than that of the carriers of the HA haplogroup, by about 0.11 and 0.16 lamb born/ewe lambing, respectively. Thus, breeding programs incorporating selection of haplogroups HB and HC may moderately improve lamb production. However, the possible effects of mitochondrial haplogroup on prolifi cacy under genetic backgrounds other than that of the Afec-Assaf and the effect of mitochondrial haplogroup on other economic important traits in sheep, such as milk or wool production, have to be considered.
Conclusions
To date, ovine mtDNA polymorphism has been demonstrated mainly in the highly variable control and cytochrome b regions. Our study describes polymorphism in ovine mtDNA protein-and tRNA coding genes. Some of the sequence variants resemble pathology-associated mutations in human mitochondrial genes. Our results suggest that mtDNA polymorphism affects ewe prolifi cacy, with greater prolifi cacy of haplogroups HB and HC carriers, as compared with the HA haplogroup carriers. Since mitochondria function is involved with regulation of biochemical processes associated with production and reproduction traits, association between polymorphism at specifi c ovine mitochondrial genes and production, reproduction, and health traits in sheep should be investigated further. Putz et al. (2007) . See online version of fi gure for color.
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